We have prepared semitransparent organic photovoltaic devices for constructing stacked structures. Through the study of the thickness effect of the photoactive layer, we found that sophisticated optimization of device matching was not required for achieving high performance while the subcells were connected in parallel. The results suggest that the stacked structure might be able to provide the other approach for assembling multiple devices while current matching between the subcells cannot be easily obtained. # 2012 The Japan Society of Applied Physics O rganic photovoltaic devices (OPVs) are attracting increasing attention because they have many advantageous properties, including mechanical flexibility, light weight, and low-cost fabrication. [1] [2] [3] [4] [5] At present, OPVs based on the concept of bulk heterojunction (BHJ) show power conversion efficiencies (PCEs) up to $7%, rendering OPVs as a promising next-generation solar energy conversion platform.
O rganic photovoltaic devices (OPVs) are attracting increasing attention because they have many advantageous properties, including mechanical flexibility, light weight, and low-cost fabrication. [1] [2] [3] [4] [5] At present, OPVs based on the concept of bulk heterojunction (BHJ) show power conversion efficiencies (PCEs) up to $7%, rendering OPVs as a promising next-generation solar energy conversion platform. 1, 2) One of the key issues toward achieving high efficiencies is sufficient photon absorption. [3] [4] [5] Nevertheless, the low mobility of organic materials limits the thickness of the photoactive layer; the use of a thicker layer usually leads to increased device series resistances, thereby decreasing the PCEs. One method of solving this problem is to produce tandem cells. [4] [5] [6] The fabrication procedure for the multiple junctions, however, usually involves sophisticated processing, especially for the intermediate connecting layer (s) . The yield of the tandem cells is also lower than that of single-junction cells.
An alternative method of realizing multijunction OPVs is the use of a multiple-device stacked structure. 7) Shrotriya et al. superimposed one semitransparent device onto another conventional cell, and connected them either in series or in parallel. As a resulting of stacking, the PCE can be doubled compared with that of a single cell. Nevertheless, relevant reports concerning such stacked structure of OPVs remain rare. 7, 8) Herein, we analyzed stacked structures for OPVs incorporating a blend of poly(3-hexylthiophene) (P3HT) and [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM) and found that the possibility of parallel connections could provide the other way for improving the efficiency if the current matching cannot be easily achieved.
The device structure of the semitransparent devices is shown in Fig. 1(a) . The devices were fabricated on indiumtin-oxide (ITO)-coated glass substrates. Prior to the deposition of the organic layers, the substrate surface was treated with UV ozone. Then, the anodic buffer layer, poly (3,4-ethylenedioxythiophene) :poly(styrene sulfonate) (PEDOT: PSS), was spin-coated on the ITO substrates. After annealing of the PEDOT:PSS film at 120 C for 1 h, the photoactive layer, consisting of P3HT and PCBM (1 : 1, w/w) dissolved in 1,2-dichlorobenzene, was spin-coated on top of the PEDOT:PSS layer. The prepared polymer thin film underwent ''solvent annealing'' for more than 2 h. 9, 10) Before the metal deposition, the substrate was further thermally annealed at 110 C for 15 min. For conventional devices, the metals, Ca (30 nm) and Al (100 nm) were deposited to form the bilayer cathode. For semitransparent devices, the transparent cathode structure was deposited through sequential thermal evaporation of layers of lithium fluoride (LiF), aluminum (Al), and silver (Ag). The current density-voltage (J-V ) curves were measured using a Keithley 2400 sourcemeasure unit. The absorption/transmission spectra were obtained using a Perkin-Elmer Lambda 650 spectrometer. The photocurrent was obtained while the OPV was illuminated with a Thermal Oriel 150W solar simulator (AM1.5G).
The multilayer structure LiF (0.5 nm)/Al (1.5 nm)/ Ag (10-20 nm) was chosen as the semitransparent cathode. The LiF/Al structure has been reported as an effective contact at the cathodes. 7, 11) The Ag layer was used due to its high electrical conductivity and long skin depth. transparent cathodes of various Ag thicknesses. From the figure, we can clearly see that the main absorption peak of the P3HT:PCBM film was located between 400 and 600 nm. Meanwhile the semitransparent structures exhibited high transmittances in the same spectral range. When the thickness of the Ag layer was 15 nm, the average transmittance values in the visible range was ca. 50%, suggesting that this multilayer structure was one promising candidate for the electrodes of semitransparent OPVs.
The surface morphologies of the Ag layers were further examed by using atomic force microscopy (AFM); the results are shown in Fig. 2 . From the figures, we can clearly see some individual Ag nanoparticles (NPs) while the experimental ''thickness'', obtained from the thickness monitor of the thermal evaporator, was 10 nm [ Fig. 2(a) ]. The diameter of the Ag NPs was increased with the film thickness and the NPs and gradually coalesced to form a thin film [Figs. 2(b) and 2(c)] . Because of the apparent appearance of the Ag NPs for the 10 nm thick Ag layer, the transmittance spectrum was different. We can see that it contained an additional absorption peak at around 500 nm, which we attributed to the surface plasmon absorption of the Ag NPs. The lower FF and PCE were due to the low conductivity of the thin Ag layer. We also calculated the device series resistances (R s ) from the device J-V curves measured in the dark. The R s was decreased significantly from 36.6 to
cm
2 when the thickness of the Ag layer was increased from 10 to 15 nm, suggesting that the conductivity of the Ag layer affected the electrical properties dramatically. As a result, the J sc and FF were improved to 10.1 mA cm À2 and 50%, respectively. The PCE was increased to 2.75%. For the device fabricated with a 20-nm-thick Ag, the device efficiency was somehow degraded to 2.60%, presumably due to the decreased shunt resistance (R p ); the shunt resistance was decreased from 2:2 Â 10 4 to 2:0 Â 10 3 cm 2 while the thickness of the Ag layer was increased from 15 to 20 nm. We inferred that the diffusion of the Ag atoms to the organic photoactive layer might reduce the device R p .
The stacked structure was implemented through stacking the transparent device onto a conventional device; the back cell could absorb the photons passing through the transparent device. The two subcells were connected either in series or in parallel. Figure 4(a) shows the J-V curves of the individual subcells and the stacked devices. Because most photons were absorbed by the transparent device, the back cell exhibited a smaller photocurrent (i.e., 1.43 mA cm À2 ). The V oc and FF were 0.49 V and 63%, respectively, resulting in a PCE of 0.43%. When the devices were connected in series, the V oc was increased to 1.03 V, which was close to the sum of the voltages of the single cells. Furthermore, according to the well-known Kirchhoff's law, the current in the same loop should be identical. Hence, although the semitransparent device exhibited higher J sc , the photocurrent of the two cells connected in series was limited by the back cell, thereby leading to a low PCE of 1.07%, which was lower than that of the semitransparent device. On the other hand, when the subcells were connected in parallel, the photocurrent was significantly improved to 11.5 mA cm À2 . The V oc and FF were 0.53 V and 52%, respectively. Although the voltage was limited by the backcell, an improved PCE of 3.17% was still obtained.
The thickness of the photoactive layers significantly affected the device performance for both types of device. Therefore, we further reduced the thickness of the semitransparent devices to investigate the thickness effect on the performance of the stacked structures. Figure 4(b) shows the J-V curves of the individual subcells and the stacked devices. The thickness of the semitransparent device was reduced to 100 nm, thereby allowing more photons to pass through the semitransparent cell. Because the back cell could absorb more photons, the J sc was increased to 2.61 mA cm À2 , resulting in an increased PCE of 0.83%. However, because the thinner photoactive layer harvested less numbers of photons, the semitransparent device exhibited a lower efficiency (1.70%). Therefore, although the PCEs of the stacked structure connected in series and in parallel were increased to 1.87 and 2.36%, respectively, the efficiency was still lower than that of the optimized singlejunction semitransparent device (i.e., 2.75%).
From the above results, we can see that the principle behind the stacked structure might be different from that of the conventional tandem cells. In conventional tandem OPVs, because the subcells are naturally connected in series, the current matching phenomenon between the subcells plays an important role in determining the device efficiency. 6) However, in stacked structures, as shown in Fig. 4(b) , the better current matching obtained after the optimization of the photoactive layer still led to a lower PCE. Fortunately, the subcells for stacked structures can still be connected in parallel, which does not require photocurrent matching between the subcells. Further, considering the fact that the variation of photovoltages of OPVs is relatively smaller than that of the photocurrent to the intensity of the incident light, 6, 12) the possibility of parallel connections for the stacked structure could provide a better assembling method for multiple cells if current matching could not be easily achieved.
In conclusion, we have fabricated semitransparent OPVs based on P3HT and PCBM for constructing stacked structures. The thickness effect of the photoactive layer was studied, and we realized that the stacked structure might be able to provide the other approach for connecting two single-junction OPVs while the matching between the subcells could not be easily achieved. Finally, we foresee that this structure might be of further use for other materials, such as polymers containing different band gaps, to achieve higher efficiencies. 
